Lipids have an important role in many aspects of cell biology, including membrane architecture/compartment formation, intracellular traffic, signalling, hormone regulation, inflammation, energy storage and metabolism. Lipid biology is therefore integrally involved in major human diseases, including metabolic disorders, neurodegenerative diseases, obesity, heart disease, immune disorders and cancers, which commonly display altered lipid transport and metabolism. However, the investigation of these important cellular processes has been limited by the availability of specific tools to visualise lipids in live cells. Here we describe the potential for ReZolve-L1™ to localise to intracellular compartments containing polar lipids, such as for example sphingomyelin and phosphatidylethanolamine. In live Drosophila fat body tissue from third instar larvae, ReZolve-L1™ interacted mainly with lipid droplets, including the core region of these organelles. The presence of polar lipids in the core of these lipid droplets was confirmed by Raman mapping and while this was consistent with the distribution of ReZolve-L1™ it did not exclude that the molecular probe might be detecting other lipid species. In response to complete starvation conditions, ReZolve-L1™ was detected mainly in Atg8-GFP autophagic compartments, and showed reduced staining in the lipid droplets of fat body cells. The induction of autophagy by Tor inhibition also increased ReZolve-L1™ detection in autophagic compartments, whereas Atg9 knock down impaired autophagosome formation and altered the distribution of ReZolve-L1™. Finally, during Drosophila metamorphosis fat body tissues showed increased ReZolve-L1™ staining in autophagic compartments at two hours post puparium formation, when compared to earlier developmental time points. We concluded that ReZolve-L1™ is a new live cell imaging tool, which can be used as an imaging reagent for the detection of polar lipids in different intracellular compartments.
Introduction
Lipids are essential organic components of cells that can be used in membrane formation, intracellular signalling and to provide energy for cellular function [1] . Structurally, glycerolipids/phospholipids are the primary components of biological membranes [2] , and sphingolipids and sterols can form micro-domains within these cellular membranes to facilitate protein interactions [3] [4] [5] [6] [7] and intracellular signalling [8] . The de novo synthesis of lipids begins with the production of fatty acids from acetyl-CoA via a series of enzymatic steps [2] . Fatty acids can then be converted into neutral lipids, which can be stored for later use in energy production, or synthesised into structural or signalling lipids, such as phospholipids [2] . Lipid droplets are the main site of lipid storage in cells and are reported to contain a core of neutral lipids comprised mainly of triacylglycerol and esterified sterols that are surrounded by an outer phospholipid monolayer [9, 10] . This limiting membrane of the lipid droplet is thought to be enriched with polar lipids, such as phospholipids, cholesterol and fatty acids, which can form functional micro-domains [11, 12] . While this clear demarcation of lipid families in lipid droplets is commonly presented in the literature, it can be expected that in reality the lipid droplet is far more heterogenous and complex in its biology.
Lipids that are stored within the core of lipid droplets can be mobilised in response to cellular demand and this often involves enzymatic modification by lipases. In lipid droplets, for example, adipose triglyceride lipase, hormone-sensitive lipase and monoacylglycerol lipase function sequentially to hydrolyse triacylglycerol to fatty acids and glycerol, while sterol esters can also be hydrolysed by hormone-sensitive lipases [13] . Sterol esters and triacylglycerol can also be hydrolysed by lysosomal degradation. This can involve a process called macroautophagy (herein referred to as autophagy), where the lipids are sequestered from lipid droplets to autophagosomes and then interact with acid lipase in endosomes and lysosomes as the autophagosomes undergo maturation to form autolysosomes [14] . Autophagy has been strongly implicated in the maintenance of cellular lipid homeostasis, trafficking, efflux and metabolism [15] [16] [17] [18] . Autophagy also has an important role in controlling the amount of sphingolipids, gangliosides, sterols and phospholipids in cells and can modulate the trafficking, degradation and membrane composition of these lipids [14, [19] [20] [21] . In turn, lipids can regulate the induction of autophagy via interactions with the autophagic regulator, target of rapamycin (TOR) [22] [23] [24] ; placing autophagy as a key regulator of lipid homeostasis [25] [26] [27] . However, a major limitation in the fields of lipid biology and autophagy has been the ability to visualise these important cellular processes in live cells.
Visualisation of lipids is difficult in live cells [28] , as many of the commonly used stains require sample fixation, such as Filipin III, Oil Red O and Nile Red [29] [30] [31] [32] [33] . Cell fixation can compromise cellular ultrastructure [28, 34] and is particularly problematic for lipids, especially when using alcohol-based solvents or fixatives, as they can cause the fusion of lipid droplets and/or extraction of lipids from cell and tissue samples [9, [35] [36] [37] . Neutral lipid dyes such as BODIPY 1 (493/503), LipidTOX and LD540 can be used for lipid imaging in live or fixed samples and have overcome some of the solubility issues encountered with lipid dyes [32, 38, 39] ; however, fluorescent probes for polar lipids are still somewhat limited. Filipin III, which is widely used for the detection of cholesterol, is one of the few stains available for the detection of polar lipids. The use of Filipin III, however, requires cell fixation, additionally its mode of interaction is not well defined and it has recently been shown to have high affinity for GM1 and GM2 gangliosides, as well as cholesterol [8, 39, 40] . A wide range of fluorescently labelled lipid analogues are available for live cell imaging of lipid trafficking events, but their behaviour does not always match that of the endogenous lipids. Thus, there is an unmet need for new lipophilic dyes that can be used in live cell imaging.
ReZolve-L1™, a lipophilic, tricarbonyl rhenium(I) diimine luminescent molecular probe, has recently become commercially available (Rezolve Scientific, Adelaide, Australia) and has the capacity to image lipid droplets in live cells ( [41] reported as complex 1). ReZolve-L1™ is a phosphorescent transition metal complex that exhibits a long excitation half-life, in the order of hundreds of nanoseconds, long photostability, and has a large Stokes shift of ca 200 nm, which are ideal features for cellular imaging [42] . ReZolve-L1™ can be used with two photon microscopy allowing flexibility of sample preparation as well as less cell damage and greater sample penetration, due to the use of lower energy excitation (NB. ReZolve-L1™ can also be excited using standard methods of fluorescence microscopy, with for example a UV light source or a 405nm laser). Here we show that ReZolve-L1™ has an affinity for polar lipids in two pseudo cellular models. Using Raman spectroscopic mapping [43] , we show that localisation can be more closely correlated with polar lipids and not signals from esterified lipids. Interestingly, our data also supports the premise that lipid droplets are of a more heterogeneous nature than is classically accepted. Using Drosophila as a model system [44] [45] [46] [47] [48] [49] [50] , we show that ReZolve-L1™ is detected in lipid droplets, but under complete starvation conditions and during larval to adult metamorphosis, is mainly detected in autophagic compartments. Furthermore, ReZolve-L1™ was found to be compatible with different fluorescent reporters for multi-colour live cell imaging, giving a broad application base in cell biology.
Results

ReZolve-L1™ interacts with polar lipids.
The 'specificity' of dyes that are employed to label lipid droplets (e.g. Nile Red or BODIPY 493/ 503) is commonly related to high dye lipophilicity and a preference of the dye for non-polar lipids such as cholesterol esters (CE) and triacylglcerides (TAG) [51, 52] . The staining of these dyes is predominantly limited to the lipid droplets. While ReZolve-L1™ has been shown to predominantly label lipid droplets, detection of the dye was not limited to lipid droplets. This suggests that ReZolve-L1™ may show a different lipid affinity in comparison to other lipid 'specific' probes. Interestingly, while ReZolve-L1™ is reasonably lipophilic (log P value = 2.53 ± 0.08), both BODIPY 493/503 (log P = 3.5 ± 0.04 [38] ) and Nile Red (log P = 5.0 [53] ) are significantly more lipophilic. Therefore, the rationale for accumulation of ReZolve-L1™ in lipid droplets is not one purely of lipophilicity; and accumulation may be attributed to an affinity for certain lipid species.
To determine if the accumulation of ReZolve-L1™ in lipid droplets is related to an affinity for different lipid species, lipid overlay experiments were performed using ten lipids, representing lipid groups commonly found in cells. In these lipid overlay experiments ReZolve-L1™ interacted with sphingomyelin, sphingosine, phosphatidylethanolamine, lysophosphatidic acid, cholesterol and GM1 ganglioside (Fig 1) . There was no detectable interaction of ReZolve-L1™ with either ceramide, triacylglycerol's (a mixture containing 5 species was tested), fatty acid species, palmitic acid or cholesteryl acetate (Fig 1) . To ensure that the lipids were not removed from the polyvinylidene difluoride (PVDF) membranes during processing, the lipid overlay experiments were carried out in triplicate and repeated using three different washing protocols. These washing protocols involved either cold 10% ethanol, methanol or PBS, in each instance consistent results were obtained, which indicated that lipid removal from the PVDF membranes was not a likely contributing factor for the observed interactions. These lipid overlay experiments combined with the measured log P value suggest that the accumulation of ReZolve-L1™ in lipid droplets cannot primarily be attributed to an affinity for CE and TAG's [52] .
Lipid overlay experiments only provide a qualitative indication that ReZolve-L1 has an affinity for lipid species, but this was not representative of the fluid nature in which lipids exist within cells. Liposomes formed from polar lipids offer the opportunity to study lipids in a more fluid-like environment; note non-polar lipids such as TAGs do not form liposomes so were not included in this line of enquiry. Therefore, in an effort to confirm that the trend observed in the lipid overlay experiments is representative of ReZolve-L1™'s affinity for polar lipids, liposomes were prepared, incubated with ReZolve-L1™ and analysed for fluorescence emission. The properties of liposomes can be controlled to a large degree by lipid composition [54] , and therefore two preparations were assessed. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) was chosen as it is used extensively as a model liposome system. DMPC and cholesterol (DMPC:cholesterol (8:1 molar ratio)) liposomes were also prepared, as high ratios of cholesterol have been associated with reduced bilayer permeability [55] . Liposomes formed with either DMPC or DMPC:cholesterol were found to be~100 nm in size as determined by dynamic light scattering (DLS) measurements. The liposomes were then incubated with ReZolve-L1™ for a period of 30 minutes, and excess ReZolve-L1™ was then removed by a sizeexclusion column. Significant fluorescence emission was recorded for both types of liposome preparations, following incubation with ReZolve-L1™ and excitation at either 256 nm or 405 nm. Importantly, the emission spectrum recorded from both liposome preparations following incubation with ReZolve-L1™ matched that of pure ReZolve-L1™ in solution; with no evidence of fluorescence emission observed from control liposomes (see S1 Fig) . This confirmed that ReZolve-L1™ interacted with polar lipids in a fluid-like environment and that the interaction observed in the lipid overlay experiments was not an artefact of the experimental method.
The environment of lipids in liposomes is still not particularly reflective of the cellular environment; where lipids are known to be found in close interaction with proteins and a multitude of other lipids (e.g. lipid rafts, caveolin proteins, channel proteins, etc). This type of heterogeneous environment is difficult to represent in a synthetic liposome environment. Therefore, in an effort to understand and investigate what is governing the localisation pattern of ReZolve-L1™ in the cell, we chose to use the non-invasive vibrational technique of confocal Raman spectroscopy. Raman spectroscopy can potentially provide information on the localisation of probe accumulation within the lipid droplet in relation to the actual (as opposed to an artificial environment) lipid distribution (e.g. homogeneity vs heterogeneity) in a cellular environment. The mammalian adipocyte 3T3-L1 cell line was chosen, as these cells have large lipid droplets (up to 150 μm) to facilitate the imaging [56] . The 3T3-L1 cells were cultured on calcium fluoride substrate, then rapidly fixed using cold methanol and air dried before being incubated with ReZolve-L1™; the use of cold methanol in this manner eliminates biochemical changes [37, 43] . Lipid droplets were then identified by bright field imaging (Fig 2A) and Raman spectra were then collected from the cell centre as determined by the quantity of signal in the z-axis. To illustrate the distribution of lipids within the 3T3-L1 adipocytes the area under the bands at 1655 cm -1 , ν(C = C), and 1743 cm -1 , ν(C = O), were measured for each spectrum collected and plotted versus the spatial co-ordinates from where the data was collected to produce false-colour images (Fig 2) . The band at 1655 cm -1 is assigned to the ν(C = C) with expected contributions from both polar and non-polar lipids and the band at 1743 cm -1 is assigned to the ν(C = O) which is mainly due to contributions from TAGs and CEs [57] . The same process was employed for a band at 1616 cm ), co-localisation was observed between the lipids and ReZolve-L1™ (Fig 2B) . In contrast, ReZolve-L1™ did not completely co-localise with the 1743 cm -1 band attributed to neutral lipid species (Fig 2B) .
Raman spectra were then extracted from regions within a Raman map of high, a, medium, b, and low, c, intensity of the band at 1616 cm -1 (representative spectra can be seen in Fig 2C) .
The identification of specific molecules from Raman spectra is difficult, however using integrated intensities and the presence of multiple Raman bands associated with key functional groups we can with a degree of confidence ascertain which key bands are associated with ReZolve-L1™. For example, while it is known that proteins also appear in this region the lack of the amide II band (1525 cm -1 ) suggests that the band at 1616 cm -1 is independent of protein concentration and that ReZolve-L1™ is the main contributor to this band. Examination of the transmitted light image (Fig 2A) shows that the regions from which the spectra were extracted are closely associated with the core of the lipid droplet and the limiting membrane. This is further supported by the presence of ν(C = O) band (1743cm -1 ) likely to be associated with ester groups.
Close examination of the Raman spectra revealed that an increase in the intensity of the ReZolve-L1™ bands (1606 and 1616 cm -1 ) coincided with an increased intensity in the band at 1655 cm -1 , but were independent of the band 1743cm -1 , which as stated we have attributed to ν(C = O). We have assigned the band at 1655 cm -1 to the ν(C = C) of lipids and not proteins based on integrated intensities with other known lipid bands present in the spectra and the lack of bands associated with proteins. This further confirmed that the localisation of ReZolve-L1™ within or in close approximation to the lipid droplet was not well aligned with the presence of an ester signal (as defined by the ν(C = O) band), but was more closely aligned with other lipid species. This lipid preference was further supported by analysis of the second derivative Raman spectrum (S2C Fig) . The second derivative of the cell spectra from region b (medium ReZolve-L1™ content) and c (low ReZolve-L1™ content) clearly exhibit two ν(C = O) bands at 1729 and 1743 cm -1 , but only the second derivative of the spectrum from b also has the two unique ReZolve-L1™ bands (S2C Fig). In contrast, spectrum a was extracted from a region containing a high ReZolve-L1™ content and has no ν(C = O) bands detected from the analysis of the second derivative (S2C Fig) . This suggested that ReZolve-L1™ localisation maybe somewhat distinct from regions with higher ester content, but still aligned with other lipid species.
In spectra that exhibited intense ReZolve-L1™ Raman bands (extracted from region a and b, Fig 2B) a broadening of the band at * 1300cm -1 , attributed to a CH 2 twisting mode (Fig 2C) together with variation(s) in the spectral region of 1050-1150cm -1 was observed. These regions are known to be representative of the presence of polar lipids for example 1050-1150 cm -1 is commonly associated with ν(C-C) and ν(P-O). The presence of these bands combined with the presence of the ν(C = O) band in spectra extracted from region b suggested that the lipid in lipid droplets may be more heterogeneously distributed than has been commonly described. However, as ReZolve-L1™ contributes to signal in these regions it was difficult to assign these peaks to specific biological components with a high level of certainty (Figs 2C and S2C). Taken together these results suggested that while ReZolve-L1™ was able to interact with lipids in a cellular environment, the type of lipids involved in this interaction were distinct from esterified forms.
Polar lipids were detected in lipid droplets of Drosophila fat body by ReZolve-L1™ and Raman spectroscopy
To further confirm the link between ReZolve-L1™ localisation and polar lipids, we also investigated the distribution of lipids in lipid droplets using Drosophila fat body tissue using Raman spectroscopy. Drosophila fat body tissue was chosen as it is known that under normal feeding conditions, ReZolve-L1™ is detected throughout the lipid droplets of fat body cells from third instar larvae, 4 hours prior to puparium formation (-4 h PF); as visualised by confocal microscopy ( Fig 3A) [41] . Therefore, to confirm the distribution of lipids (heterogeneous vs homogenous), especially in the core of lipid droplets, Raman spectra were collected from fed -4 h PF larvae. Tissue was not stained with ReZolve-L1™ to prevent signal overlap in key cellular areas and to better ascertain the composition of lipid droplets. The tissue was fixed in paraformaldehyde to ensure consistency between imaging experiments; from experience with this tissue, this fixation method preserves ultra-structure [58] . The location of lipid droplets were mapped by integrating the area under the ν(C = C) band from 1625-1675 cm -1 (Fig 3B) , as the bands in this region have a contribution from both polar and neutral lipid species [57] . A number of spectra were extracted from the lipid droplet core (for representative spectra see S3 Fig) , and spectral variations were observed in regions attributed to the ν(C-C) and ν((P-O) region at 1050-1150cm -1 , the δ(C-H) region at 1400-1500 cm -1 and the ν(C = O) region at 1720-1780cm -1 [57] , which indicated that a range of lipids were contributing to the spectra and are present in the lipid droplet core. Further interrogation of the second derivative of the spectra taken from the lipid droplet revealed the presence of a band at * 1096cm -1 attributed to the ν(P-O), which is unique to phospholipids, such as phosphatidylcholine, phosphatidylethanolamine and sphingomyelin [57] (Fig 3C) . Overlaying the Raman map of the ν(P-O) band (from the second derivative) with the ν(C = O) band, for the detection of triglycerides and sterol esters [57] it was possible to assess the relative location of the phospholipids (Fig 3D) . The phospholipids were found to predominantly reside around the lipid droplet edges, but were also detected in the lipid droplet core. Hence, supporting the premise that lipid droplets are quite heterogeneous with respect to the distribution of polar lipids, which may account for the staining of ReZolve-L1™ in the lumen of Drosophila fat body lipid droplets. The accumulation of data from both the ex vivo models (lipid overlay experiments and liposome analysis) combined with Raman spectroscopy of both a 3T3 adipocyte cell line and Drosophila tissue provide evidence for the localisation of ReZolve-L1™ in cells with polar lipids. With the Raman data suggesting that lipid droplets are more heterogeneous in lipid composition, which may account for the dispersed staining of lipid droplets with ReZolve-L1™, rather than an interaction with non-polar lipids. However, it should be noted that this does not discount an interaction between ReZolve-L1™ and non-polar lipids (such as CEs and/or TAGs), but that the evidence suggests a preferential interaction with polar lipids. The authors suggest that the observed localisation patterns of ReZolve-L1™ is not due to an interaction with one 'specific' lipid, but more closely aligned with the polar lipid families and localisation pattern may in fact be the result of a particular combination of lipid(s).
Autophagy induction by complete starvation of Drosophila larvae lead to ReZolve-L1™ detection in autophagic compartments
Autophagosomes are cellular compartments that are involved in cell degradation and like lipid droplets can accumulate lipids from a range of cellular components [59, 60] . Probes that are described for use as lipid droplet markers [61] have also been shown to detect autophagosomes in some cell types [60] . Therefore, to investigate if ReZolve-L1™ could also detect autophagosomes, Drosophila fat bodies expressing the autophagic marker Atg8-GFP were stained with ReZolve-L1™ following exposure of the larvae to different autophagy inducing starvation conditions. Staining with Oil Red O was performed in parallel to allow for a comparison between a purely non-polar lipid dye and ReZolve-L1™; and to provide further evidence of the greater affinity for polar lipids.
Under normal feeding conditions, there were few Atg8a-GFP autophagic compartments and ReZolve-L1™ was detected mainly in lipid droplets (Fig 4A, Fed) as was Oil Red O (see S4 Fig) . Larvae exposed to either amino acid starvation, sugar starvation or both amino acid and sugar starvation had significantly increased numbers of Atg8a-GFP autophagic compartments in the fat body tissue (P<0.05; Fig 4A and 4B) , which confirmed the up regulation of autophagy under these different starvation conditions. While the lipid droplets in the fat body tissues from amino acid starved larvae were detected by ReZolve-L1™, there was minimal ReZolve-L1™ staining of Atg8a-GFP autophagic compartments (Fig 4A; amino acid starved) . Oil Red O staining following amino acid starvation was also unchanged from normal feeding conditions (Fig 4B; amino acid starved). In the sugar starved larvae there were some changes in the ReZolve-L1™ staining of lipid droplets and some evidence of ReZolve-L1™ colocation with Atg8a-GFP autophagic compartments (Fig 4A; sugar starved) . In contrast, the tissue staining of Oil Red O did not alter between normal conditions, amino acid starved or sugar starved (Fig 4B; sugar  starved) . Thus, while these conditions of nutrient restriction (amino acid or sugar starved) induced the formation of Atg8a-GFP autophagic compartments (as indicated by the expression of the green autophagic marker Atg8a-GFP), these compartments had minimal to no Oil Red O staining (Fig 4B) . The lack of observable change in the Oil Red O staining pattern suggested that the overall lipophilicity of the lipid droplets in the Drosophila did not alter under these particular starvation conditions, and neutral lipids were not incorporated into autophagosomes. Notably, the lipid droplets detected by Oil Red O under these conditions had an elongated appearance when compared to those detected by ReZolve-L1™, which was most likely the result of lipid droplet fusion in the former, caused by cell fixation [9, 35, 36] . The change in ReZolve- Interestingly, in the fat body tissue of larvae exposed to both amino acid and sugar starvation there was reduced ReZolve-L1™ staining in the lipid droplets and ReZolve-L1™ co-located with 90 ± 11% of Atg8a-GFP autophagic compartments (Fig 4A; amino acid & sugar starved) . Furthermore, following amino acid and sugar starvation there appeared to be a reduction in the size of lipid droplets stained by Oil Red O and there was co-location of Oil Red O with Atg8a-GFP autophagic compartments (Fig 4B; amino acid & sugar starved) . This suggested that under conditions of intense starvation (amino acid and sugar starved) that there was a significant change in the lipid composition of the lipid droplet and the Atg8a-GFP positive compartments. Hence, both dyes were found to co-localise with the autophagic marker positive compartments.
ReZolve-L1™ staining in response to altered autophagic progression
The detection of autophagic compartments by ReZolve-L1™ was also assessed in Drosophila larval fat body during constitutive autophagy activation, induced by the expression of dominant negative Tor (Tor TED ) [62, 63] . Fat body tissue was collected for imaging from third instar larvae at -8 h PF; as the expression of Tor TED reduced the fat body volume in larvae at later developmental time points, which prevented the analysis. Tor TED expression increased the number of autophagic compartments detected by LysoTracker 1 Green in larval fat body tissue [50] , when compared to control larval tissue (Fig 5A) . The majority of the LysoTracker
1
Green compartments detected in response to Tor TED expression were co-stained by ReZolve-L1™, but there were some compartments that appeared to contain either only LysoTracker
Green or only ReZolve-L1™ (Fig 5A) . In contrast, the control tissues at -8 h PF had a limited number of LysoTracker 1 Green compartments, and ReZolve-L1™ detected a minimal number of autophagic compartments ( Fig 5D) and was primarily localised to the lipid droplets ( Fig  5A) . This again suggested that ReZolve-L1™ may be capable of detecting changes in compartments related to autophagy. To further investigate the localisation of ReZolve-L1™ to autophagic compartments, autophagosome formation was disrupted by RNAi silencing of the core autophagy protein Atg9 [58, [64] [65] [66] . Control wild type larvae and larvae expressing Atg9
RNAi , under the control of the fat body specific driver CG-GAL4, were either fed on standard media, or amino acid and sugar starved for four hours. In the control and Atg9 RNAi fed larvae ReZolve-L1™ was detected in lipid droplets and was not detected in LysoTracker 1 Green compartments (Fig 5B) . In control larvae responding to amino acid and sugar starvation, there was a significant increase in the number of autophagic compartments that were positive for ReZolve-L1™ and LysoTracker Green, when compared to fed larvae (Fig 5D) , and the amount of ReZolve-L1™ staining in lipid droplets was reduced (Fig 5B and 5C ). This was consistent with previous results from fat body tissue of both amino acid and sugar starved larvae. For Atg9 RNAi larvae that were amino acid and sugar starved, ReZolve-L1™ was detected in the core of the lipid droplets, however it did not clearly define these lipid droplets (Fig 5C) . Although co-location between ReZolve-L1™ and LysoTracker 1 Green still occurred in these starved Atg9 RNAi larvae (Fig 5C) , there was a significant reduction in the number of these compartments in Atg9 RNAi larvae (Fig 5D) . In Atg9
RNAi larvae, the LysoTracker 1 Green compartments appeared as punctate structures that were similar to those seen in controls; however, ReZolve-L1™ did not appear as distinct puncta, but was detected in elongated structures distributed to regions near the periphery of the lipid droplets ( Fig 5C) . These results indicated that ReZolve-L1™ was responsive to changes in autophagy induced by genetic modulation. Furthermore ReZolve-L1™ detected changes in the number of autophagosomes formed in response to complete starvation, as well as morphological changes that could not be detected with other lipid markers.
ReZolve-L1™ was detected in autophagic compartments in Drosophila fat body tissue during metamorphosis
During Drosophila metamorphosis from larvae to adulthood there is increased autophagic activity [67, 68] , which coincides with lipid mobilisation from lipid droplets that in turn supports the developmental process [69] . ReZolve-L1™ was used to investigate changes in lipid droplets and autophagic compartments in fat body tissue during the early stages of metamorphosis (-4 h PF, 0 h PF, +2 h PF). At -4 h PF ReZolve-L1™ was detected primarily in lipid droplets and not in LysoTracker 1 Green compartments (Fig 6A) . At 0 h PF the ReZolve-L1™ was still predominately in the lipid droplets, but the LysoTracker 1 Green compartments were enlarged (when compared to those at -4 h PF) and these compartments had some ReZolve-L1™ staining (Fig 6A) . At +2 h PF, the LysoTracker 1 Green compartments had developed intraluminal vesicles that were co-stained with ReZolve-L1™ (Fig 6A) . The lipid droplet staining detected by ReZolve-L1™ did not appear to change dramatically between the -4 h PF and 0 h PF developmental times points, but was reduced at + 2 h PF (Fig 6A) . In contrast, the LysoTracker 1 Green autophagic compartments had an increased size from -4 h PF to +2 h PF, and at +2 h PF displayed a morphology resembling either amphisomes or autolysosomes [58] (Fig  6A) . ReZolve-L1™ co-located with Atg8a-GFP autophagic compartments at +2 h PF, which supported that these multivesicular structures were either amphisomes or autolysosomes (S4A Fig). In addition, at +2 h PF, these Atg8a-GFP autophagic compartments contained neutral lipids that were detected by Oil Red O staining (S4B Fig) . These findings combined with our knowledge that ReZolve-L1™ has a stronger staining preference for polar lipids indicated that the polar lipid content in the lipid droplets may decrease during development. We suggest that this change in content may involve trafficking to autophagic compartments (graphic depiction Fig 6B) .
Discussion
Lipid droplets are most often described as cytosolic organelles consisting of a neutral lipid core, surrounded by a monolayer of phospholipids [11, 70] . Although the neutral lipid core contains primarily triglycerides and sterol esters, there is some evidence to suggest that polar lipids, such as cholesterol and phospholipids, can also reside in the lipid droplet core [71] [72] [73] [74] . Biochemically, free cholesterol is able to partition into a neutral lipid phase in small amounts and in a biological system it is possible that this process may be further facilitated by proteins or other lipids [71, 72] . Electron microscopy of lipid droplets has demonstrated internal onion like layers of what appears to be phospholipids that are positive for the membrane associated protein caveolin, and the presence of phospholipids in lipid droplets was further conformed by mass spectrometry [70, 75] . The polar lipid sphingomyelin has also been shown to co-localise with neutral lipids stained by Nile-Red within fibroblast lipid droplets [73] . Raman mapping provided further evidence for the presence of phospholipids in the core of lipid droplets from Drosophila fat body tissues. In these tissues ReZolve-L1™ was also localised to lipid droplets and was detected throughout the organelle. Although the mode of action of ReZolve-L1™ requires further analysis, lipid overlay experiments, liposome affinity experiments and Raman mapping of stained adipocytes showed positive correlations between ReZolve-L1™ and polar lipids to a much greater extent than neutral lipids. Although we cannot rule out that the lipophilic nature of ReZolve-L1™ drives the localisation of this molecular probe to the lipid droplet core, it is speculated that ReZolve-L1™ is localising with and hence detecting polar lipids in both the outer membrane and the core of lipid droplets. This hypothesis is supported by Fourier transform infrared microspectroscopy, which demonstrated a correlation between the location of polar lipid species such as phosphatidylethanolamine and sphingomyelin and ReZolve-L1™ in 3T3-L1 adipocytes [76] . Interestingly, despite the apparent affinity for polar lipids, ReZolve-L1™ was most often detected in lipid droplets and was rarely associated with other cellular membrane structures where polar lipids are known to be abundant. This lack of other cell membrane staining may indicate that polar lipid packing in these membranes prevents ReZolve-L1™ interaction or that the interaction site is masked, or alternatively that ReZolve-L1™ only detects certain combinations of polar lipids.
Autophagy has a pivotal role in lipid localisation, for example, to orchestrate the vesicular traffic and secretion of triglyceride rich lipoproteins, as well as to mediate the transient storage of lipids in lipid droplets [20, 76, 77] . Autophagosomes can also recruit lipids for membrane expansion [78] and have a specific role in lipid degradation, which subsequently fuel the energy generating pathways involved in mitochondrial β-oxidation [79] . Consequently, the dynamic relationship that is emerging between lipids, lipid droplets and autophagy appears to be central in the key cell biological processes of energy sensing and metabolism [79] . ReZolve-L1™ was detected in autophagic compartments in response to certain starvation conditions, the inactivation of the target of Rapamycin (Tor TED ), or developmental cues. The ReZolve-L1™ staining of lipid droplets was also altered in response to these cues, and these changes in distribution may involve the trafficking of polar lipids during interactions between lipid droplets and autophagosomes. The lipids detected by ReZolveL1™ appeared to be directed to autophagosomes as a selective response to certain autophagic cues, rather than as a general response to autophagy induction. Under conditions of partial nutrient restriction by amino acid starvation, autophagosomes were formed, but ReZolve-L1™ had little interaction with these autophagic compartments. This would suggest that ReZolve-L1™ did not detect the polar lipids acquired from all cellular organelles that might be degraded under these conditions. ReZolve-L1™ did, however, co-locate with Atg8-GFP autophagic compartments following combined amino acid and sugar starvation, which indicated that it was recognised a specific event during autophagy. Amino acid and sugar starvation did induce lipid droplet degradation via autophagy, as shown by Oil Red O co-localisation with autophagosomes. While it is commonly accepted that neutral lipids are transferred to autophagic compartments in response to autophagy induction, by either combined amino acid and sugar starvation or the inhibition of Tor [15, 62, 63] , other lipids and proteins are also known to be transferred under these conditions [11, 80] . Thus, it is possible that ReZolve-L1™ detects polar lipid sequestration from lipid droplets by autophagosomes under these conditions. The down regulation of autophagy by genetic inhibition is known to reduce lipid transfer from lipid droplets to autophagosomes [15, 81] , and this was consistent with a decrease in ReZolve-L1™ detection in autophagosomes following autophagic reduction by Atg9
RNAi knock down. Atg9 RNAi knock down did not completely abrogate autophagic progression [58] , but caused the formation of disseminated ReZolve-L1™ positive structures near the periphery of the lipid droplets; which could be indicative of altered autophagosome formation and reduced incorporation of lipid into autophagosome membrane, a process in which Atg9 is suggested to be involved [82, 83] . The inclusion of lipid droplets into autophagosomes can occur together with the inclusion of lipid membranes, for example from other organelles and the plasma membrane, resulting in increased levels of cholesterol, sphingolipids and GM1 in autophagosomes [84] . It is unclear in Drosophila fat body, if lipid membrane content in autophagosomes is increased under certain conditions, however this may be an alternative explanation for the detection of ReZolve-L1™ in autophagic compartments. Interestingly, ReZolve-L1™ had an altered staining pattern upon sugar starvation alone, but unlike exposure to combined amino acid and sugar starvation, similar changes were not observed in Oil Red O staining. This difference in staining patterns supports the interaction of ReZolve-L1™ with lipids that are distinct from the neutral lipids detected by Oil Red O. Furthermore, this suggested that the polar lipids detected by ReZolve-L1™ have increased association with autophagic compartments during the energy depravation induced by sugar starvation. The induction of autophagy by most signalling pathways converge at TOR but in contrast, energy depletion can lead to the direct activation of autophagy via interactions between energy sensing AMPK and the autophagy initiator Atg1/ULK1 [85] . Following sugar starvation ReZolve-L1™ staining was detected throughout the cells with some brighter puncta seen localising with autophagic structures, unlike the staining observed following combined amino acid and sugar starvation, which was highly concentrated in autophagic compartments. This suggested a change in polar lipid distribution under these conditions, which may be associated with either an alternative signalling pathway being activated or a specific event in autophagosome maturation.
During Drosophila development, autophagy is important for the degradation and remodelling of larval tissue, including the fat body [68, 86] . The fat body lipid droplets are the major site of lipid storage in Drosophila, and these lipids can be mobilised to provide energy or used as structural lipids for developing tissues during metamorphosis [45, 87] . In Drosophila, the mobilisation of lipids during metamorphosis is in part facilitated by lipases, such as the lipid droplet associated Brummer and lysosomal acid lipase-1 [87] [88] [89] [90] . The involvement of lysosomal associated lipases [87, 89] and the identification of autophagy as a route for lipid delivery to the lysosome in other systems [15] has led to speculation that autophagy has a critical function during Drosophila metamorphosis [86, 91] . In Drosophila fat body, at the later developmental stage of +2 h PF, ReZolve-L1™ staining was detected in autophagic compartments that were co-stained by LysoTracker 1 Green and Atg8a-GFP. Neutral lipids were also detected in these autophagic compartments at +2 h PF, which provided the first evidence of autophagy as a route for lipid delivery to the lysosome during metamorphosis. The detection of both neutral and polar lipids in the autophagosomes at the later developmental time point may also indicate that bulk degradation of lipid droplets is occurring at this stage.
There is a paucity of live cell imaging molecular probes available, to allow the specific investigation of lipids and to support the wider field of lipid metabolism. ReZolve-L1™ appears to be able to identify the transfer of polar lipids from lipid droplets to autophagic compartments under conditions of high energy demand and during developmental autophagy. By reporting on this dynamic balance between lipid droplets and autophagic compartments during different energy requirements, ReZolve-L1™ has the potential to define new aspects of cellular lipid metabolism. ReZolve-L1™ overcomes many of the critical limitations for conventional molecular probes, including photobleaching, extended sample preparation, and the need for cell fixation, which could enable live cell imaging of specific metabolic events.
The bidirectional interaction of autophagy and lipid metabolism has important implications for disease pathophysiology and there is a defined need to develop new imaging technology for these disease processes [18] . Consequently, ReZolve-L1™ could be used to visualise the pathology in for example: the altered lipid metabolism associated with fatty liver disease; the increased autophagy and altered degradation of lipids observed in Alzheimer's disease; the altered cholesterol deposition and plaque formation in cardiovascular disease; or the altered balance between lipid metabolism and autophagy in cancer. Therefore ReZolve-L1™ may provide a promising new tool for the live cell imaging of polar lipids and autophagy that has practical applications for both cell biology research and clinical diagnosis/prognosis.
Material and Methods
Interaction of ReZolve-L1™ with lipids
To determine the binding properties of the rhenium molecular probe, a lipid overlay was performed. 50 μM of each lipid was loaded on to a PVDF membrane (Perkin Elmer, USA). Ten lipids were analysed including; sphingomyelin (Cat # S0756, Sigma Aldrich, USA), sphingosine (Cat # S7049; Sigma Aldrich, USA), ʟ-α-phosphatidylethanolamine (Cat# P7943, Sigma Aldrich, USA), monosialodanglioside (GM1; Cat # G7641, Sigma Aldrich, USA), oleoly-ʟ-α-lysophosphatidic acid (Cat # L7260, Sigma Aldrich, USA), palmitic acid (Cat # P5917, Sigma Aldrich, USA), cholesterol (Cat # CO01800100; Scharlau, German), ceramide (Cat # C2137; Sigma Aldrich, USA), triacylglycerol mix C2-C10 (Cat # 17810, Sigma Aldrich, USA) and cholesteryl acetate (Cat # 151114; Sigma Aldrich, USA). Lipids were dissolved in ethanol or iso-propanol for loading depending on solubility. Following lipid loading, the PVDF membranes were washed for 10 minutes in cold 10% ethanol, methanol or PBS, before they were incubated with 10μM of rhenium molecular probe in PBS for 1h. The neutral rhenium(I) species, ReZolve-L1™, was prepared according to a previously published procedure [41] . PVDF membranes were then washed four times for 10 minutes in cold 10% ethanol, methanol or PBS prior to imaging. Each protocol was carried out in triplicate. Imaging was performed on an Image Quant Las 4000 (GE, Sweden) luminescent image analyser, with the rhenium molecular probe excitated at 460nm using an epi-blue light source, and detected using an 575 nm ethidium bromide filter.
Liposome preparation
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC; Cat # 850345, Avanti Polar Lipid, Inc. Alabaster, USA) and cholesterol (Cat # CO01800100; Scharlau, German), were dissolved in 2:1 chloroform:methanol at 20 mg/mL. Lipid mixtures were formed by evaporating liquid 666 μL DMPC alone or a mixture containing 443 μL of DMPC and 32 μL of cholesterol (8:1 molar ratio). The lipid mixture was then resuspended in 1 mL PBS and sonicated for 40 minutes. Following sonication liposomes were passed through an extruder with a 100 nm membrane 15 times. Liposome formation was confirmed using a Malvern Zetasizer DLS system. Mixtures were run through a Sephadex G-25 column to ensure no free lipid was present in solution. Fraction containing particles of approximately 100 nm (ascertained by DLS) were incubated with ReZolve-L1™ for 40 minutes. Solutions were then passed through a Sephadex G-25 column to remove unbound stain and fraction containing vesicles of approximately 100 nm were tested for fluorescence's by flow cytometry and fluorometry.
For analysis of vesicles by flow cytometry an Amnis ImageStreamX Flow Cytometer mkII (EMD Millipore) was used. Vesicles were excited with 405 nm laser (120 mW) and fluorescent data between 560-595 nm were collected. In parallel, data for forward scatter (FSC) and side scatter (SSC) light (785 nm laser, 5.6 mW) were collected. Core diameter of the flow was 10 μm and flow speed was 66 mm/sec. Calibration beads (2 μm in diameter) were run in parallel to the samples. For each sample, images for 1.5-5.0x10 4 events were collected using 40x objective and camera with pixel size of 0.5 μm. Vesicles were identified by their low SSC signal and high fluorescence (405/560-595 nm) values; the accuracy of this separation was proven by viewing the images of single events. For analysis of vesicles by fluorescence a Varian Cary Eclipse spectrophotometer was used. Vesicles were excited at 256 nm and emission was collected from 350-700 nm. Vesicles were tested for fluorescence before and after incubation with ReZolve-L1™.
Cell culture and fly stocks
Mammalian 3T3 adipocytes were obtained from culturing and differentiated the 3T3 pre-adipocyte fibroblast on calcium fluoride slides for Raman microscopy, as previously described [92] for a minimum of three weeks before experimentation [37] . All fly stocks were maintained in standard medium at 25°C. The yeast GAL4-UAS system was used for targeted gene expression [93] . Fat-body specific expression of transgenes from the UAS were driven by CG-GAL4 [94] . Transgenic UAS-Atg9
RNAi stocks (#34901) and UAS-Tor TED stocks (#7013) were obtained from the Bloomington Drosophila Stock Centre (Indiana University, Indiana, USA). Atg8a-GFP was driven by an endogenous promoter [95] and was kindly provided by Dr Erik Baehrecke (University of Massachusetts Medical School, Massachusetts, USA).
Developmental staging
Bromophenol-blue was added to the fly media and used to define different developmental time points [96] . Third instar larvae at minus eight hours of puparium formation (-8 h PF) had a blue gut and were observed wandering in and out of the media, whereas at minus four hours (-4 h PF) the guts had little or no blue dye and the larvae were only observed out of the media. Newly formed white pupae (0 h PF), were isolated onto moist filter paper and incubated at 25°C for two hours (+2 h PF).
Nutrient deprivation
Third instar larvae at -8 h puparium formation (PF) were removed from standard media and placed on filter paper either soaked in 5% (w/v) sucrose (for amino acid deprivation), or 5% (w/v) tryptone pancreatic digest of casein (BD Bioscience USA; for sugar deprivation), or soaked in water (for amino acid and sugar starvation). Larvae were incubated at 25°C for 4-5 hours prior to tissue isolation and imaging.
Tissue isolation and staining
The neutral rhenium(I) molecular probe ReZolve-L1™ was prepared according to a previously published procedure [41] . ReZolve-L1™ was dissolved in DMSO to prepare a 10 mM stock solution, which was diluted in PBS to 10 μM for tissue staining. For Raman confocal microscopy, 3T3 cells were fixed using cold methanol and air dried [37] 
Raman mapping, confocal imaging and analysis
Raman spectra were collected using a Renishaw Raman inVia Reflex Microscope (Renishaw plc., Wotton-under-Edge, UK), equipped with an air-cooled charge-coupled device (CCD) cameras for StreamLine™ HR mapping. The spectrometer was fitted with holographic notch filters and 2400 mm/line (NIR) grating. The attached microscope was a Leica DMLM and was equipped with three objectives (×50/0.75 NA, ×20/0.40 NA, ×5/0.12 NA) and a trinocular viewer that accommodates a video camera allowing direct viewing of the sample. Sample excitation was achieved using a Modu-Laser (Utah, USA) emitting at 785 nm. Calibration of the wavenumber axis is achieved by recording the Raman spectrum of silicon (1 accumulation, 10 seconds) for both static and extended modes. If necessary an offset correction is performed to ensure that the position of the silicon band is at 520.50 ± 0.10 cm -1
. Spectra were not corrected for instrument response. The spectrometer was controlled by PC with instrument control software (Renishaw WiRE™, Version 4.2). The Raman maps were acquired using a step size of 2 μm for both x and y axes over the spectral range of 700-1850 cm -1 . Cosmic rays were removed from the spectral data using a nearest neighbour cosmic ray removal method and noise filtering was applied using the Renishaw WiRE 4.2 software. The false colour maps shown generated from the data using the direct analysis approach by calculating the area under bands of interest using the signal-to-baseline mode.
A Ziess LSM710 META NLO confocal microscope (Zeiss, Germany), supplemented with a two-photon Mai-Tai 1 (tunable Ti:Sapphire femtosecond pulse laser, 710-920 nm, SpectraPhysics, Australia) was used for live imaging. The images were acquired using a Plan-APOC-HROMAT 63X/ NA1.4 oil immersion objective. ReZolve-L1™ was excited at 830 nm using the two-photon pulse laser and detect at 600-654 nm. LysoTracker 1 Green was imaged by excitation at 488 nm and detected at 497-558 nm. Atg8a-GFP was imaged with ReZolve-L1™ by excitation at 830 nm (to excite both fluorophores) and resolved using spectral un-mixing using the Zen software package (based on spectral Figprinting of the two components). A spectral profile for ReZolve-L1™ was acquired in lambda stack mode (830 nm excitation range, MBS 690+, spectral emission range 416-727 nm, with 9.7 nm intervals). The ReZolve-L1™ images and co-location analysis involved at least five separate images from five independent biological replicates, and one representative image from each treatment was selected for presentation. For image quantification, two regions of interest (ROI) were selected at random, with an area of 2500 μm 2 and the number of compartments stained with
ReZolve-L1™ and LysoTracker 1 Green were counted to give a minimum of ten counts per treatment group. Comparison of means was performed by ANOVA with a Tukey post hoc tested in GraphPad Prism V.6.01 (USA).
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